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Abstract
& Key message Quercus secondary forests show a gradual transition toward mixed forests, with sweet chestnut (Castanea
sativa) becoming increasingly abundant in the western Spanish Central System. Additionally, in chestnut-dominated
stands, it shows a certain resistance to competitive displacement by Quercus pyrenaica. Our results partially refute the
traditional view that C. sativa is unable to recruit in the absence of cultural inputs.
& Context Sweet chestnut, Castanea sativa, is a component of European broadleaf forests and is one of the most managed trees.
Due to a reduction in cultural inputs, chestnut-dominated stands tend to be invaded by other species, and it is unclear how
chestnut is able to persist in natural mixed forests.
& Aims Our work aimed to identity the main factors that limit the establishment of C. sativa and to analyze the recruitment and
mortality processes of C. sativa trees.
& Methods The age, growth ring patterns, regeneration density, and the spatial structure of trees and saplings in 11 plots in the
Spanish Central System were analyzed.
& Results Chestnut seedling density increased with C. sativa basal area, but transition toward the sapling stage appeared limited
owing to light availability. In Quercus pyrenaica secondary forests, sparse canopies did not constrain chestnut regeneration, and
in old chestnut stands, C. sativa showed a certain resistance to competitive displacement. By contrast, mixed young coppices
showed a high mortality, most likely due to competition with other vigorous resprouters.
& Conclusion Quercus secondary forests showed a gradual transition toward mixed forests with sweet chestnut becoming
increasingly more abundant. In old stands, C. sativa is likely to persist under a gap-phase mode of regeneration. Our results
partially refute the traditional view that C. sativa is unable to recruit in the absence of cultural inputs.
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1 Introduction
The sweet chestnut (Castanea sativaMill.) is one of the most
managed trees in Europe and covers more than 2.5 million ha
(Amorini et al. 2000; Scarascia-Mugnozza et al. 2000;
Conedera et al. 2004, 2016; San Roman Sanz et al. 2013).
Palynological, anthracological, and macrofossil evidence in-
dicates that C. sativa survived the main glacial events that
occurred in favorable refuges, ranging from the west of the
Iberian Peninsula to the east coast of the Black Sea-Caucasus
region (Fineschi et al. 2000; Conedera et al. 2004; Krebs et al.
2004), and it is considered a component of European temper-
ate broadleaf forests (Conedera et al. 2016). The cultivation of
C. sativa has expanded its natural range, and sweet chestnut
has become a widespread element of the landscape in most of
the Mediterranean basin and southern parts of Central Europe
(Scarascia-Mugnozza et al. 2000; Conedera and Krebs 2008;
Morales-Molino et al. 2015). Socioeconomic factors and the
spread of diseases, such as chestnut blight (Cryphonectria
parasitica) and ink disease (Phythophthora spp.), has reduced
the interest in the management of these forests (Amorini et al.
2000; Gallardo 2001; Conedera and Krebs 2008; San Roman
Sanz et al. 2013; Seijo et al. 2015). As a result, chestnut stands
tend to become invaded by other species and to evolve toward
mixed deciduous forests (Conedera et al. 2000, 2001, 2016;
Zlatanov et al. 2013). However, in recent decades, naturally
occurring hypovirulent strains ofC. parasiticawith attenuated
pathogenesis has allowed C. sativa to become again a viable
species for timber and nut production (Milgroom and Cortesi
2004; Waldboth and Oberhuber 2009; Zlatanov et al. 2015).
Also, a large amount of naturally occurring genetic variation
resistant to ink disease has been detected, suggesting the po-
tential of breeding programs to improve the health status of
C. sativa populations (Robin et al. 2006).
The regeneration dynamics of C. sativa has not been stud-
ied in depth, and it is unclear howC. sativa recruitment occurs
within natural forests. Most of the recruitment dynamics have
been inferred from studies carried out on managed forests,
where C. sativa trees exhibit vigorous sprouting after being
cut (Cutini 2001; Giudici and Zingg 2005). The few studies
that have addressed C. sativa seedling dynamics found that
low shade tolerance limits successful recruitment under close
canopies, where the low level of regeneration of C. sativa
seedlings is outcompeted by more shade-tolerant species
(Pridnya et al. 1996; Sevilla 2008; Pividori et al. 2005;
Zlatanov et al. 2013). Furthermore, the lack of pristine mixed
temperate forests in the Mediterranean basin, due to centuries
of human intervention, is a relevant limitation in the study of
C. sativa regeneration dynamics (Scarascia-Mugnozza et al.
2000; Conedera et al. 2016). Despite the various limitations
and owing to the need for knowledge regarding ecological
forestry, we established the following hypothesis. (1)
Seedling recruitment of C. sativa is mainly limited by seed
production, and therefore, we expect to find a positive rela-
tionship between seedling abundance and basal area and/or
tree density of C. sativa. (2) Transition from seedling to sap-
ling stage and sapling growth are a light-limited process, and
we expect a higher C. sativa sapling/seedling ratio and
sapling-growth rate in the forest stands with higher light avail-
ability in the understory. (3) Tree establishment is also light-
limited and linked to canopy opening. This time, we establish
that C. sativa dominance in forests is mainly linked to recruit-
ment after disturbance, and in the absence of cultural inputs,
reaching into the main canopy is limited by light availability
and competition with other tree species. (4) Tree mortality is a
non-random-spatial process mainly influenced by competi-
tion, and we expect to find C. sativa dead trees more frequent-
ly closer to other trees than what could be expected if they
came from a completely randomized spatial distribution. To
test these hypotheses, age structure, growth ring patterns, re-
generation density, and spatial structure of trees and saplings
were analyzed inQuercus- andCastanea-dominated forests in
the Spanish Central System.
2 Material and methods
2.1 Study area
The study region is located in the mountain range of the Sierra
de Francia-Quilamas, in the west subdivision of the Central
System, Spain. Within this region, two areas were selected:
the Quilamas range (900–1423 m a.s.l.) and the slopes of the
Alagón river basin (500–900 m a.s.l.). Annual precipitation
varies between 1000 and 1400 mm in the Quilamas range and
between 1100 and 1300 mm in the Alagón river basin. Both
have a typical Mediterranean period of low precipitation dur-
ing July and August. The mean annual temperature is between
10 and 12.5 °C for the Quilamas range and around 14–15 °C
for the Alagón river basin.
Chestnut blight was first time detected in the early 2000s
and still remains isolated within a small area in the Sierra de
Francia-Quilamas range (García and Monte 2005; Zamora
et al. 2012). Ink disease has also been reported in the region
(García and Monte 2005).
2.2 Sampling design and data collection
We selected six stands dominated by C. sativa (CDF:
Castanea-dominated forests), encompassing three young
abandoned coppices (CDF1–3) and three old coppices con-
verted by thinning to high forests (CDF4–6), as well as five
nearby Q. pyrenaica secondary forests (QSFs). Abandoned
coppices were not managed after last clear-cutting (1983,
1954 and 1954 in CDF1, CDF2 and CDF3, respectively;
Dirección General de Montes, Caza y Pesca Fluvial 1967),
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showing between 7 and 12 shoots (> 2 m height) per chestnut
stool. The C. sativa trees in one abandoned coppice (CDF2)
had scars in their bark, which was the result of a previous
undated fire. One plot was established in each stand. Plot size
was variable in the areas, ranging between 400 and 1200 m2,
because of differences in tree density between stands
(Table 1). An initial 400 m2 plot was located and was sequen-
tially expanded to 900 or 1200 m2 until at least 35–40 trees
were available for tree coring and subsequent dendrochrono-
logical and forest disturbance analysis (Veblen 1992). All
plots were square-shaped and their sides were oriented in the
directions of the cardinal points. All data were collected be-
tween October 2011 and June 2016.
All trees (live and dead) and saplings in each plot were
recorded. Seedling regeneration was estimated using 20 ran-
domly located sampling units of 4 m long and 0.25 m wide in
each plot. We used these long, narrow sampling units in order
to reduce some of the variance due to the clumped seedling
distribution of Q. pyrenaica observed at many plots (Krebs
1999). Trees were defined as individuals with a diameter at
breast height (dbh) ≥ 5 cm; saplings as individuals with a dbh
< 5 cm and height > 200 cm, and seedlings as individuals <
200 cm in height. Additionally, positions of trees and saplings
were located to the nearest centimeter using measuring tapes
that were aligned with the sides of the plots, providing X and
Y coordinates for them.
2.2.1 Photosynthetic photon lux measurements
A pair of QSO-S photon flux sensors (Decaegon Devices,
Inc., USA) was positioned randomly at a height of 30 cm
above-ground in each stand to measure the photosynthetic
photon flux (PPF) in μmol m−2 s−1. The PPF was recorded
each minute using an EM50 digital data logger (Decaegon
Devices, Inc., USA). PPF data were taken per stand on
clear-sky days during 2 days (in a different position each
day) from June to September; however, only the data taken
between 11:00 and 16:00 solar time were used. To calculate
the percentage of light that reached the understory, the PPF
was measured in a nearby sun-exposed site on consecutive
days.
2.2.2 Sapling primary growth rate
In order to obtain information about the primary growth rates
of advanced regeneration, 7 and 10C. sativa saplings (2–3 per
plot) of seed origin from the CDF and QSF stands, respective-
ly, were randomly selected. Saplings were cut at ground level
and taken to the laboratory. Sapling stems were dissected each
20 cm from the base to the tip into stem-cross sections. Next,
cross sections were manually sanded until annual rings were
clearly visible for counting. Primary growth rates were esti-
mated through the relationship between the age of the sapling
Table 1 Summary of plot characteristics
Plot Geographic
coordinates
Plot
size (m2)
Elevation
(m a.s.l.)
Orientation Plot density
(living trees/ha)
Cs dead
trees (%)
Maximum/
mean tree
age (years)
QSF1 40°34′33″N
05°57′24″W
400 1177 N 1550.0 0.0 54/41
QSF2 40°34′40″N
05°56′19″W
400 1000 N 1475.0 0.0 53/48
QSF3 40°33′54″N
05°54′48″W
900 998 N 666.7 0.0 65/53
QSF4 40°34′01^N
05°56′56″W
400 1136 N 950.0 0.0 68/53
QSF5 40°34′00″N
05°54′55″W
400 1005 N-NW 2050.0 0.0 73/57
CDF1 40°34′42″N
05°56′21″W
400 1006 NW 2300.0 16.0 31/26
CDF2 40°29′30″N
05°55′21″W
900 640 N 2166.7 31.6 60/29
CDF3 40°29′26″N
05°55′06″W
900 625 N 1833.3 75.4 63/44
CDF4 40°34′01″N
05°54′56″W
900 1000 N-NW 766.7 6.8 119/57
CDF5 40°34′25″N
05°56′53″W
900 1090 N 688.9 6.3 115/53
CDF6 40°34′24″N
05°57′17″W
1200 1150 NE 708.3 10.5 124/64
C. sativa (Cs) dead trees are shown as a percentage in relation to all C. sativa trees
QSF Quercus secondary forest, CDF Castanea-dominated forest
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(number of tree-rings at the base) and the number of tree-rings
in each 20-cm-distant cross section.
2.2.3 Dendrochronological analysis
Increment cores from all trees were extracted with Pressler
increment borers (Häglof, Sweden) at 0.3–0.4 m above-
ground level to obtain the most accurate age for each tree
(Veblen 1992) and at 0.6 m when the tree centers were rotten.
A total of 972 cores were collected (one core per tree).
Increment cores were mounted and sanded following the pro-
cedure established by Stokes and Smiley (1968), and the an-
nual rings were counted using a stereomicroscope (SMZ800,
Nikon, Japan). When the cores did not reach the pith, the
number of rings to the center was estimated using the geomet-
ric procedure described by Duncan (1989). If the center was
rotten, the rings counted in the non-rotten section of the core
were considered as the minimum age for that tree. Cores were
scanned at 2000 dpi resolution (Perfection V550, Epson,
Japan), and tree-ring widths were measured with a 0.01-mm
resolution on the scanned JPG images using the software
CooRecorder 7.6 (Cybis, Sweden). The visual and statistical
cross-dating of the tree-ring width series was done and
checked using the software CDendro 7.6 (Cybis, Sweden)
and Cofecha (Holmes 1983), respectively.
2.2.4 Forest disturbance
Forest disturbances were inferred by radial-growth release de-
tection methods. Specifically, the radial-growth averaging
criteria (Nowacki and Abrams 1997) were applied by compar-
ing the medians of a consecutive 10-year period. The thresh-
old for considering a release was set up to a 50% relative
growth change over 5 years.
2.3 Statistical analysis
We modeled relationships between forest variables (tree den-
sity, basal area, and percentage of incident light) and between
age and height of C. sativa saplings using the most suitable
simple regression model (lineal, exponential, power and/or
logarithmic functions). Relationships between seedling abun-
dance and forest variables were modeled using the binomial
negative regression of generalized linear models (GLMs). In
QSF stands, we also tested the relationship between C. sativa
tree abundance and the maximum age of Q. pyrenaica trees
(as a substitute of stand initiation age) using the same GLM
model. Owing to the lack of normality of the non-transformed
and transformed data, we used the non-parametric Wilcoxon/
Kruskal-Wallis tests to evaluate statistical differences in seed-
ling abundance between tree species and in percentage of light
that reached the understory between QSF and CDF stands.
These analyses were performed using vegan package under
R environment (R Development Core Team 2013). The R
software package TRADER (Altman et al. 2014) was used
to infer forest disturbances through radial-growth releases.
For each plot, the spatial relationship between saplings and
trees ofC. sativawas analyzed using the bivariate O-ring statistic
using the toroidal shift model (Wiegand and Moloney 2014). In
the case of two different age cohorts ofC. sativa trees, the spatial
distribution of the youngest in relation to the oldest cohort was
also determined. O-ring statistic was derived from the pair cor-
relation function, which was defined as the expected number of
points of one variable (e.g., saplings) between the larger and
smaller radius of a ring of fixed width, at increasing distances
from an arbitrary point of the other variable (e.g., trees), divided
by the intensity λ of the pattern (Diggle 2003; Wiegand and
Moloney 2014). In addition, C. sativa mortality was analyzed
using the random labelingmodel, where locations of allC. sativa
trees weremaintained, and the alive/dead conditionwas random-
ly assigned (Wiegand andMoloney 2014). Lastly, we performed
a trivariate analysis with the mark correlation function to test if
C. sativamortality was influenced by the presence of other spe-
cies, and at what spatial scales (de la Cruz et al. 2008; Wiegand
and Moloney 2014). To evaluate the significance of the spatial
statistics under the considered null model, 95% simulated enve-
lopes were generated using 199 MonteCarlo simulations. The
fifth highest and lowest values of the 199 iterated functions were
chosen to obtain the upper and lower values of the envelopes,
respectively (Wiegand and Moloney 2014). Also, the goodness-
of-fit (GoF) test was used to provide expected type I error rates,
selecting a distance interval of 0–10 m to assess departures from
the null model (Diggle 2003; Loosmore and Ford 2006). All
spatial analyses were performed using the 2014 version of the
Programita software (Wiegand and Moloney 2014).
3 Results
3.1 Light conditions
The percentage of incident light that reached the understory was
significantly higher in QSF than in CDF (18.6 ± 2.8 and 5.1 ±
2.5, mean ± se for QSF and CDF, respectively; p = 0.0025, n =
11). The percentage of incident light was significantly inversely
related to the basal area of C. sativa trees (log(y) = 2.54–0.03×,
n = 11, p = 0.020), but not with the total basal area of all tree
species (log(y) = 3.28–0.04×, n = 11, p = 0.161).
3.2 Regeneration abundance and sapling age-height
models
The abundance of C. sativa and Q. pyrenaica seedlings were
positively correlated with C. sativa and Q. pyrenaica tree bas-
al areas across the stands, respectively (Table 2). But only
Q. pyrenaica seedling abundance was significantly correlated
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with tree density and percentage of incident light that reached
the understory (Table 2). However, there was a positive linear
relationship between the C. sativa ratio of saplings per seed-
ling with the percentage of incident light across stands, but not
for the Quercus species (Table 2). In QSF stands, although
C. sativa seedling regeneration was significantly lower than
Q. pyrenaica (p < 0.001, n = 5, Table 3), there were no signif-
icant differences in sapling abundance (p = 0.1991, n = 5,
Table 3). In the older CDF4-6 stands, C. sativa showed higher
abundance of seedlings (p = 0.0463, n = 3, Table 3) and sap-
lings (p = 0.0369, n = 3, Table 3) than Q. pyrenaica. By con-
trast, in younger CDF1–3 stands, there were no significant
differences in seedling (p = 0.4029, n = 3, Table 3) or sapling
abundance (p = 0.1051, n = 3, Table 3) between C. sativa and
Quercus species.
In relation to age-height growth models for C. sativa sap-
lings from seed origin (Fig. 1), the best adjustment for QSF
followed an exponential model (R2 = 0.81; p < 0.0001; n =
11), whereas CDF followed a linear model (R2 = 0.88;
p < 0.0001; n = 7).
3.3 Age structures and radial-growth releases
QSF plots were characterized by a single cohort of trees with
no recruitment ofQ. pyrenaica young trees during the last few
decades (Fig. 2a–e). Only C. sativa was recruited in small
numbers, and the number of C. sativa trees was positively
and significantly related with the age of the oldest
Q. pyrenaica tree (negative binomial GLM, p = 0.004, n = 5,
AIC = 21.7) in the QSF plots.
Except for CDF1, broad and multiage age structures
dominated by C. sativa characterized together with other
tree species the CDF plots (Fig. 3). These stands showed
complex structures which varied from distinct age cohorts
to continuous tree recruitment patterns. CDF2, CDF4, and
CDF6 showed multiage structures where recruitment waves
in C. sativa trees was produced just after synchronous
radial-growth releases of the older trees in the 54%, 50%,
and 76.9%, respectively (Fig. 4g, j, k). Although CDF5
showed a complex multiage pattern, tree recruitment was
not associated to any previous synchronous release in tree
growth. However, 38.5% of the trees in CDF5 showed
asynchronous individual radial-growth releases between
1924 and 1997. CDF3 showed continuous recruitment after
stand initiation with a broad and left-skewed age structure
dominated by Quercus spp. (Fig. 3c). No synchronous re-
lease in the radial-growth pattern was evident in CDF3 (Fig.
4h), but 19% of all trees showed individual growth releases
between 1966 and 2000. The youngest CDF1 showed a
narrow and left-skewed age distribution, and no release in
the radial-growth pattern was found.
C. sativa mortality was low in the older stands but was
from moderate to high in the younger coppices, especially in
the CDF3 plot where 75.4% of all C. sativa trees were dead
(Table 1).
3.4 Bivariate and trivariate spatial patterns and tree
mortality
In the CDF stands, C. sativa saplings were independently
distributed from trees at most of the distances analyzed, as
confirmed by the GoF tests (Table 4). In the CDF stands,
when two age cohorts were clearly distinguished, the
young cohort was independently distributed from the old
cohort (Table 4). C. sativa tree mortality was nil in the QSF
stands, low in the old CDF stands, and from moderate to
high in the young CDF stands (Table 1). When the distri-
bution of dead C. sativa trees in relation to live trees in the
overstory was analyzed in the young CDF stands, using the
random labeling null model, the segregation of dead trees
from live trees was found at short distances in CDF1, but
up to 12–13 m in the plots with the highest mortality
(Table 4). Trivariate analysis in CDF1 did not show that
the proximity of Q. pyrenaica trees influenced the
Table 2 Regression models for seedling abundance (binomial negative models) and sapling/seedling ratio (linear models)
Species Model Explained deviance (%) R2 AIC p
C. sativa ln(seedling.abun) = 0.71 + 0.05*(BA.Cs) 47.8 64.21 < 0.001
ln(seedling.abun) = 1.45 + 0.01*(TD.Cs) 4.4 71.20 0.181
ln(seedling.abun) = 2.69–0.09*(%light) 19.3 69.15 0.076
sapling:seedling.ratio = 0.018 + 0.007*(%light) 37.6 0.045
Q. pyrenaica ln(seedling.abun) = 1.23 + 0.15*(BA.Qp) 43.2 98.56 < 0.001
ln(seedling.abun) = 2.11 + 0.04*(TD.Qp) 26.9 101.69 0.004
ln(seedling.abun) = 1.99 + 0.13*(%light) 27.3 101.50 0.009
sapling:seedling.ratio = 0.0006 + 0.00007*(%light) 7.38 0.419
Basal area (BA) and tree density (TD) of each species, and the percentage of understory light (% light) used as independent variables
Cs C. sativa; Qp Q. pyrenaica
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mortality of C. sativa overstory trees. However, in the
CDF2 plot, trivariate analysis showed that dead C. sativa
trees were less frequent than expected under a random pro-
cess at distances beyond 10 m from another tree species
(Table 4). In the CDF3 stand, trivariate analysis showed
that dead C. sativa trees were more frequent at distances
between 2 and 6 m from other trees species and less fre-
quent at 11 and 14 m (Table 4).
4 Discussion
4.1 Seedling and sapling dynamics
Seedling regeneration is not related to light availability, but it
increases withC. sativa basal area due to the greater availability
of chestnuts produced and dispersed by barochory, with the
mature CDF stands showing the highest densities of C. sativa
seedlings (Pridnya et al. 1996; Gilland et al. 2012; Zlatanov
et al. 2013). In the QSF stands, low seedling density appears
mainly limited by seed dispersal, due to the heavy weight of
chestnuts (Mujic et al. 2010). Although C. sativa is likely
sciophilous at the very early seedling stage, canopy cover of
QSF stands still intercepts 80% of the incident light. Besides,
most of the plots are N or NWoriented, so the excess of light is
not a limiting factor in seedling recruitment in the QSF plots.
Potential C. sativa mother trees are commonly close to QSF
sites (100–300 m away) but are always downhill, as chestnut
stands are usually placed at the bottom of the slopes or small
valleys. Although the dispersion syndrome of the Castanea
genus has been minimally addressed (Vander Wall 2001), the
Eurasian jay, Garrulus glandarius L., a common corvid in our
study area, harvests small quantities of chestnuts, hiding them
in the same manner as acorns (Holyoak 1968). Furthermore,
this practice is likely the main dispersion vector for C. sativa in
our study areas, where chestnuts are spread across several hun-
dreds of meters away from the mother trees, as shown in other
sites (Urbisz and Urbisz 2007). Despite seed limitation in QSF
stands, C. sativa has higher sapling/seedling ratio than in CDF
stands suggesting greater seedling survival and probability to
promote to the sapling stage due to better light conditions, as
shadowed understories are linked to high mortality at the seed-
ling stage (Pridnya et al. 1996; Pividori et al. 2005; Zlatanov
et al. 2013). Additionally, the thin canopies of QSF stands
allowed increasing height growth with age in C. sativa saplings
during the first years of establishment, whereas in the closed
CDF, canopies surviving C. sativa saplings showed a constant
but slower height-growth rate. In the CDF stands, sapling dis-
tribution is independent of trees, as treefall gaps are still not
common in these developing forests. However, sunflecks, brief
Table 3 Regeneration density per hectare (mean ± standard error) of the main tree and tree-like species at each plot: C. sativa
Plot Seedlings/ ha Saplings/ha
Cs Qp Qf Qi Pa Ia Au Cs Qp Qf Pa Ia Au
QSF1 2070 ± 544 36,739 ± 7722 – – 637 ± 382 637 ± 382 – 375 – – – – –
QFS2 637 ± 334 22,341 ± 3775 – – – – – 75 25 – – – –
QFS3 1134 ± 852 39,600 ± 8380 – – – – – 44 178 – – – –
QFS4 2000 ± 941 89,000 ± 10,471 – – – – – 225 200 – – – –
QFS5 1500 ± 819 39,000 ± 8010 – – – – – 225 25 – – – –
CDF1 1274 ± 358 3662 ± 1748 – – 637 ± 292 – – 425 25 – – – –
CDF2 – – 3333 ± 1594 – 1333 ± 909 – 10,667 ± 2754 444 – 78 22 – 78
CDF3 – 3500 ± 2436 6500 ± 1957 500 ± 500 – – – 33 – 67 – – –
CDF4 1756 ± 425 – – – 267 ± 157 – – 155 – – – – –
CDF5 13,500 ± 3719 – – – 1000 ± 1000 11,500 ± 4309 – 322 – – 122 11 –
CDF6 16,500 ± 2927 500 ± 500 – – – 5000 ± 1701 – 275 – – – 133 –
Qp Q. pyrenaica, Qf Q. faginea, Qi Q. ilex, Pa Prunus avium, Ia Ilex aquifolium, Au Arbutus unedo
0
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200
250
300
350
400
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Fig. 1 Age-height growth models for C. sativa saplings from seed origin
for QSF (circles, dashed line) and CDF (triangles, continuous line) stands
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intermittent periods of high photon flux density that significant-
ly improve carbon gain and hold a small positive carbon bal-
ance (Chazdon 1988;Way and Pearcy 2012), were occasionally
recorded at CDF stands as short intervals (3–8 min) of photon
fluxes of 150–700mol m−2 s−1 (data not shown). Thus, our data
suggest that C. sativa can persist as advanced regeneration in
the understory and can attain the main canopy layer throughout
the gap regeneration phase of typical mature forests (Veblen
1992; Oliver and Larson 1996; Franklin et al. 2007).
By contrast, Q. pyrenaica, the main tree species in the
study area, shows higher seedling regeneration than
C. sativa in the QSF stands, but similar sapling density. This
finding suggests lower shade tolerance than C. sativa and/or
strong competition for water and nutrients between clones, as
sprouting from lateral roots dominates Q. pyrenaica regener-
ation (Salomón et al. 2013; Camisón et al. 2015). However,
the CDF stands show very little or no regeneration of
Q. pyrenaica. Sexual reproduction is likely limited in
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Q. pyrenaica due to a combination of factors such as low
acorn production (Jiménez et al. 1998), high rates of acorn
predation (Gómez et al. 2003), and low shade tolerance of
the seedlings (Rodríguez-Calcerrada et al. 2007).
4.2 C. sativa tree recruitment and mortality
One of the more interesting findings of our study is the ability
of C. sativa to recruit in QSF stands. Low tree density, a
significant relationship between forest age and the number
of C. sativa trees, nil chestnut mortality and the vigorous
radial-growth of C. sativa trees indicate the potential for
steadily increasing recruitment in our QSF stands. Although
C. sativa is considered an intermediate shade-intolerant spe-
cies at seedling/sapling stage (Pridnya et al. 1996; Pividori
et al. 2005; Sevilla 2008; Zlatanov et al. 2013), light availabil-
ity under the thin canopy ofQ. pyrenaica allowed tree recruit-
ment and a gradual transition to more natural mixed forests.
On the contrary, in CDF stands, C. sativa shows more
complex tree dynamics that reflect past and diverse human
intervention. The old forests, CDF4 and CDF6, show multi-
age stands and synchronic radial-growth release events that
undoubtedly show signs of clear-cutting, and subsequent
recruitment mainly because of sprouting (Cabanettes and
Pagès 1992; Giudici and Zingg 2005). Old CDF5 shows
asynchronous release patterns in C. sativa trees, which is
consistent with minor-scale wood extraction and the small
recruitment peaks of C. sativa and light-demanding Prunus
avium (Stojecová and Kupka 2009). Low C. sativa mortal-
ity and the absence of effective recruitment of Q. pyrenaica
is an indication of the resistance of C. sativa to competitive
displacement during a short-medium successional time. As
in the older stands, young coppices of C. sativa show strong
recruitment (Giudici and Zingg 2005), as they sprout from
stools after disturbances such as cutting (CDF1 and CDF3)
or fire (CDF2). However, young mixed coppices show high
non-random C. sativamortality which highlights the impor-
tance of intra- and interspecific competition for limited re-
sources. Departure from the random labeling model at short
scales shows that stem mortality was not randomly
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distributed between stools, with some stools showing low
mortality and others almost or completely dead, as found in
other coppices undisturbed by human activities (Giudici
and Zingg 2005). In addition, the trivariate analyses of the
two coppices with the highest mortality show that C. sativa
dead trees are less frequently far away from each other than
what could be expected if they were randomly distributed.
Also, they are more frequently closer to the live trees of
other species. Hence, intraspecific competition at the stool
level and interspecific competition with Quercus spp. and
A. unedo sprouts play a role in the spatial pattern ofC. sativa
mortality. Although the trees did not show any sign of the
characteristic signs of chestnut blight, such as pustules and
cankers (Waldboth and Oberhuber 2009), we cannot discard
the possibility that poor health conditions weaken chestnut
trees pushing them toward mortality by tree competition.
Chestnut trees with small leaves and dieback signs in the
plot with the highest mortality provide some circumstantial
evidence of ink disease, but more direct evidence through
the pathogen isolation is needed (Vannini and Vettraino
2001; Juhásová and Bernadovicová 2001).
4.3 Conclusions
Our work clearly shows that C. sativa is able to recruit in
secondary forests in the absence of forest management and
cultural inputs. In the older chestnut-dominated stands,
C. sativa shows certain resistance to competitive displace-
ment, as the dominant species in the area, Q. pyrenaica, is
unable to successfully become established. C. sativa seedling
density is limited due to fruit production, but transition toward
the sapling stage appears limited due to low light availability.
By contrast, mixed young coppices of C. sativa show a high
level of mortality and dieback, owing to competition with
other vigorous resprouters.
Additionally, our results suggest that although C. sativa
recolonizes after disturbances through sprouting, it maintains
an advanced regeneration in mature forests and can also per-
sist through a gap-phase mode of regeneration (sensu Veblen
1992). The replication of gap-forming processes through sil-
vicultural management in closed forests could help to develop
the horizontal and vertical structural heterogeneity typical of
old-growth forests and facilitate the recruitment and self-
replacement of this iconic species of the European landscape
(Zlatanov et al. 2015).
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Table 4 Results of the bivariate O-ring statistic for bivariate analysis
Sites Point pattern Model P (0–10 m) Rank Distance (m)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
CDF1 Cs saplings vs trees Toroidal shift 0.155 170 r R r r r r r r r r
CDF2 Cs saplings vs trees Toroidal shift 0.135 174 r R + r + r r r r r r r r r r
CDF4 Cs saplings vs trees Toroidal shift 0.670 66 r R r r r r r r r r r r r r r
CDF5 Cs saplings vs trees Toroidal shift 0.120 170 r R r r r r r r – r r r r r r
CDF6 Cs saplings vs trees Toroidal shift 0.220 157 r R r – r r r r r r r r r r r
CDF5 Cs young vs old cohorts Toroidal shift 0.795 42 r R r r r r r r r r r r r r r
CDF6 Cs young vs old cohorts Toroidal shift 0.035 194 r R – r r – r r r r r r r r r
CDF1 Cs alive vs dead trees Random labeling 0.005 200 – – r r r r r r r r
CDF2 Cs alive vs dead trees Random labeling 0.005 200 – – – – – – – – – – – – – r r
CDF3 Cs alive vs dead trees Random labeling 0.010 199 – R r – r r – – – r r – r r r
CDF1 Cs alive and dead trees vs other trees Trivariate r R r r r r r r r r
CDF2 Cs alive and dead trees vs other trees Trivariate r R r r r r r – r – – – – – –
CDF3 Cs alive and dead trees vs other trees Trivariate r + + + + + r r r r – r r – r
P value of the goodness-of-fit (GoF) tests at distances of up to 10 m and rank of the pair correlation function after 199 iterations are shown. Statistical
significance at 95% simulated envelopes: (r) independent pattern; (+) association pattern; (−) repulsion pattern
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